Sensory maps, such as the representation of mouse facial whiskers, are conveyed throughout the nervous system by topographic axonal projections that preserve neighboring relationships between adjacent neurons [1] . In particular, the map transfer to the neocortex is ensured by thalamocortical axons (TCAs), whose terminals are topographically organized in response to intrinsic cortical signals [2] [3] [4] [5] . However, TCAs already show a topographic order early in development, as they navigate toward their target [6, 7] . Here, we show that this preordering of TCAs is required for the transfer of the whisker map to the neocortex. Using Ebf1 conditional inactivation that specifically perturbs the development of an intermediate target, the basal ganglia, we scrambled TCA topography en route to the neocortex without affecting the thalamus or neocortex. Notably, embryonic somatosensory TCAs were shifted toward the visual cortex and showed a substantial intermixing along their trajectory. Somatosensory TCAs rewired postnatally to reach the somatosensory cortex but failed to form a topographic anatomical or functional map. Our study reveals that sensory map transfer relies not only on positional information in the projecting and target structures but also on preordering of axons along their trajectory, thereby opening novel perspectives on brain wiring.
Sensory maps, such as the representation of mouse facial whiskers, are conveyed throughout the nervous system by topographic axonal projections that preserve neighboring relationships between adjacent neurons [1] . In particular, the map transfer to the neocortex is ensured by thalamocortical axons (TCAs), whose terminals are topographically organized in response to intrinsic cortical signals [2] [3] [4] [5] . However, TCAs already show a topographic order early in development, as they navigate toward their target [6, 7] . Here, we show that this preordering of TCAs is required for the transfer of the whisker map to the neocortex. Using Ebf1 conditional inactivation that specifically perturbs the development of an intermediate target, the basal ganglia, we scrambled TCA topography en route to the neocortex without affecting the thalamus or neocortex. Notably, embryonic somatosensory TCAs were shifted toward the visual cortex and showed a substantial intermixing along their trajectory. Somatosensory TCAs rewired postnatally to reach the somatosensory cortex but failed to form a topographic anatomical or functional map. Our study reveals that sensory map transfer relies not only on positional information in the projecting and target structures but also on preordering of axons along their trajectory, thereby opening novel perspectives on brain wiring.
Results and Discussion
Topographic axonal connections, in which neighboring neurons project to adjacent targets, are essential for the transfer of sensory maps from the periphery to brain centers. Thalamocortical axons (TCAs), which convey sensory information to the neocortex, constitute a unique system to understand how such projections are formed in that they exhibit two levels of topography. First, distinct thalamic nuclei relay specific information to different neocortical areas. For instance, dorsal lateral geniculate nucleus (dLGN) axons relay visual information, ventroposterior (VP) axons relay somatosensory inputs, and ventrolateral (VL) axons convey motor information. Second, each nucleus shows a precise internal topographic organization, which is transferred in a point-to-point manner onto the neocortex. This feature is well illustrated in the rodent somatosensory map, in which the large facial whiskers form a barreloid map in the thalamus (VP), which is transferred as a barrel map in the primary somatosensory (S1) neocortex [1, 8, 9] . Although activity has been shown to refine TCA targeting, the global topography of these projections is established during embryonic and early postnatal development by regionalized cortical guidance cues [4, 10] . Modifications in cortical regionalization shift somatosensory TCA targeting to the displaced cortical area, where they form a topographically arranged barrel map [2, 4, [11] [12] [13] via a spectacular rerouting within the deep neocortical subplate [14] . Thus, the topography of TCAs is controlled by positional information inside the neocortical target, similarly to what has been described in other axonal projections like the retinotectal system [15, 16] . However, TCAs en route to the neocortex already exhibit a precise topographic organization before reaching the cortex: axons originating from distinct thalamic nuclei fan out in the subpallium (SubP) or basal ganglia primordium, following distinct rostrocaudal trajectories [6] . This topographic arrangement of TCAs is tightly controlled by subpallial guidance cues, thereby raising the question of its function [6, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
Ebf1 Inactivation in the Subpallium Scrambles TCAs En Route to the Neocortex To test whether TCA ordering in the SubP participates in their final addressing in the neocortex, we specifically perturbed SubP development, thereby affecting TCA positioning en passant, without affecting the thalamus or neocortex. It had been shown that full inactivation of the transcription factor Ebf1 [30] [31] [32] [33] [34] , which is expressed in differentiating subpallial neurons [33] , perturbs SubP development, leading to a misrouting of the TCAs formed by dLGN axons and to a caudal shift of other TCAs [32, 35] . Because these defects could be due to Ebf1 inactivation in the thalamus where it is also expressed, we performed a conditional inactivation of Ebf1 in the SubP, by crossing transgenic Dlx5/6::cre mice expressing the Cre recombinase in the SubP and prethalamus [36, 37] with Ebf1 flox/flox mice [38] . This procedure led to a specific inactivation of Ebf1 in the SubP (see Figure S1 available online) [39] with no apparent defect in thalamus patterning and cortical regionalization ( Figure S2 ). To assess whether conditional Ebf1 mutants recapitulated the defect in TCA ordering observed in null mutants, we performed axonal tracing using carbocyanine dye injections at embryonic day (E) 16.5 and E18.5 in the presumptive somatosensory (S1) (n control = 13 and n mutant = 8) or visual (V1) neocortex (n control = 5 and n mutant = 8) (Figures 1A and 1B ; data not shown). These procedures specifically back-label thalamic neurons that have projected to distinct cortical regions at E16.5, and label both thalamic neurons and reciprocal cortical axons at E18.5 [7] . As expected, in E18.5 control embryos, DiI injections in presumptive *Correspondence: garel@biologie.ens.fr V1 neocortex back-labeled dLGN neurons ( Figure 1C) , and injections in the presumptive S1 neocortex back-labeled neurons in the VP ( Figure 1D ). In contrast, in Dlx5/6::cre; Ebf1 fl/2 embryos, DiI injections in the presumptive V1 neocortex abnormally back-labeled neurons in the VP ( Figure 1E ), whereas injections in the presumptive S1 neocortex aberrantly back-labeled neurons in the VL ( Figure 1F ). Furthermore, we found that dLGN TCAs were misrouted within the embryonic SubP of Dlx5/6::cre; Ebf1 fl/2 embryos as in null mutants ( [32] ; Figure S1 ). Consistent with defects in TCA navigation and topography, the morphology of SubP corridor guideposts, which provide cues for navigating thalamic axons [6, 7, 23, 26] , was impaired in conditional Ebf1 embryos as in null mutants ( [32] ; Figure S1 ). These data show that defects in intermediate target development in Dlx5/6::cre; Ebf1 fl/2 embryos lead to a phenotype similar to the one observed in null mutants [32] : (1) VP TCAs navigate to the presumptive V1 neocortex, and (2) VL TCAs navigate to the presumptive S1 neocortex ( Figure 1G ).
To further assess the defect of TCA topography in conditional mutant embryos, we examined somatosensory TCAs by performing double DiI/DiA injections at E16.5 ( Figures 2A  and 2B ). Double injections in presumptive S1 neocortex of control embryos (n = 6) back-labeled adjacent subpopulations of thalamic VP neurons that showed little to no intermixing (8.01% 6 2.51% of overlap; Figures 2C and 2G) . Similarly, double injections in control VP nuclei (n = 8), which specifically label TCAs at this stage [7, 8] , anterogradely labeled adjacent but largely nonoverlapping axonal bundles in the SubP (16.82% 6 2.88% of overlap; Figures 2D and 2H) , reflecting a sharp positioning of VP axons en route to the neocortex. In contrast, in Dlx5/6::cre; Ebf1 fl/2 embryos, double injections in the presumptive V1 neocortex (n = 6), which back-labeled somatosensory TCAs, stained neurons in adjacent but largely overlapping domains of the VP nucleus (34.03% 6 5.67% of overlap; **p < 0.005; Figures 2E and 2G). Similarly, anterograde double injections in mutant VP nuclei (n = 7) labeled largely overlapping axonal bundles in the SubP (41.62% 6 4.94% of overlap; **p < 0.005; Figures 2F-2H), indicating a substantial intermixing of somatosensory TCAs en route to the neocortex. Taken together, our results reveal that defective SubP development in Dlx5/6::cre; Ebf1 fl/2 embryos leads to (1) caudal navigation of VP somatosensory TCAs to the presumptive V1 neocortex instead of S1, and (2) blurring in the pretarget ordering of somatosensory TCAs en route to the neocortex ( Figure 2I ).
Scrambled Somatosensory TCAs Do Not Form a Topographic Barrel Map
TCAs initially reach the embryonic neocortical subplate and only invade their target cortical layers postnatally [8, 10] . We thus investigated how the observed embryonic defects in somatosensory TCA ordering affect their final topography and sensory map transfer, by analyzing map formation in the barrel cortex. In contrast with embryonic analyses, DiI injections in S1 neocortical area at postnatal day 2 (P2) (n = 12 for each genotype) ( Figure 3A ) back-labeled neurons in the VP nucleus of both control and Dlx5/6::cre; Ebf1 fl/2 animals (Figures 3B and 3C ). Following axonal trajectories in mutant animals, we found that a majority of back-labeled VP axons traveled first to V1 and then rerouted to S1 through the subplate region ( Figure S3) . Similarly, dLGN visual TCAs and VL motor TCAs, which were misrouted during embryogenesis, dLGN, dorsal lateral geniculate nucleus; M1, presumptive motor neocortex; Ncx, neocortex; S1, presumptive somatosensory neocortex; SubP, subpallium; Th, thalamus; V1, presumptive visual neocortex; VL, ventrolateral nucleus; VP, ventroposterior nucleus. See also Figure S1 .
also reached their respective target neocortical areas V1 and M1 ( Figure S3 ). Our results thus support previous studies on cortical regionalization revealing the prodigious capacity of neocortical cues to rapidly guide TCAs to their appropriate targets, regardless of their initial embryonic trajectory to cortical regions [11] [12] [13] [14] 40] . However, precise examination of S1 DiI injections revealed that, despite correct back-labeling of VP nucleus, the labeled neurons were more scattered in Dlx5/6::cre; Ebf1 fl/2 mice (27.68% 6 3.855%, scattering index in VP) than in control animals ( Figures 3B and 3C ) (5.50% 6 1.01%, scattering index in VP; p < 0.001). Double DiI/DiA injections in S1 at P2 (n control = 5 and n mutant = 4) ( Figure 3A) further revealed that the two populations of back-labeled VP neurons were intermixed in conditional mutants (56.92% 6 14.46%, overlapped labeling) ( Figure 3E ), whereas they formed adjacent populations in controls (5.13% 6 2.78%, overlapped labeling; p < 0.05) (Figure 3D ). Despite this abnormal relative positioning, TCA terminals, specifically expressing vesicular glutamate transporter 2 (vGlut2) [41] , reached layer IV by P2 in both control and mutant pups ( Figures 3F and 3G) . Overall, our results indicate that despite a rerouting to their appropriate target areas, somatosensory TCAs still exhibited a blurred topographic order. As a result, TCA point-to-point topography inside S1 is impaired in mutant animals, which show a defective SubP development but no apparent defects in thalamic or cortical regionalization ( Figures 3H and 3I) .
A hallmark of TCA topography within S1 is the barrel map representation of the large facial whiskers, which is easily visualized at P7 by the local clustering of TCAs originating from a single barreloid of the VP nucleus [8, 10] . We thus examined TCA clustering and barrel map formation in the mutant context, in which the point-to-point topography between VP and S1 is blurred. We first performed FluoroGold injections in P5 pups to confirm that TCAs projecting to the S1 neocortex at P7 (n control = 8 and n mutant = 6) were all originating from somatosensory thalamic nuclei in both controls and mutants ( Figures 3J and 3K ). The VP nucleus was smaller in mutant animals but always contained a complete barreloid map, supporting the finding that thalamic regionalization is not affected in mutant animals ( Figures 3L and 3M) . To examine the neocortical barrel map, we took advantage of vGlut2, serotonin (5-hydroxytryptamine or 5HT), and serotonin transporter (5HTT) immunostainings that all label TCA terminals in S1 at P7 [41] [42] [43] . Using these markers (n = 7 for each genotype) (Figures  3N-3Q ; data not shown), we found that TCA clustering is severely affected in conditional mutants (Figures 3N and 3O) . Furthermore, 5HTT immunostaining on flattened cortices at M1, presumptive motor neocortex; Ncx, neocortex; S1, presumptive somatosensory neocortex; SubP, subpallium; Th, thalamus; V1, presumptive visual neocortex; VP, ventroposterior nucleus. See also Figure S2 .
P7 (n control = 6 and n mutant = 5) confirmed the impaired anatomical TCA-barrel like clustering in a normally shaped S1 (Figure 3Q ). This finding cannot be explained by a delayed arrival of TCAs in layer IV, because barrel formation can occur up to P7 once the pattern is imprinted in the thalamus [8, 44] . Collectively, our results thus indicate that defective SubP development leads to a caudal shift of somatosensory TCAs and a scrambling of their relative positioning during embryogenesis. Although targeting to S1 is rapidly rescued postnatally, TCA scrambling persists after birth, leading to a lack of point-topoint topography between VP and S1 and an impairment of TCA clustering ( Figures 3R and 3S) , which is required for the emergence of barrels [8] .
TCA Scrambling Impairs the Emergence of a Functional Map in Barrel Cortex
Because sensory map topography has been shown to exist in mice that lack anatomically visible TCA clusters or barrels [45] [46] [47] , we examined the functional topography in the somatosensory barrel map of adult mutant mice. To this end, we performed in vivo autofluorescence imaging of cortical activity. This technique reveals local increases in metabolism Ncx, neocortex; S1, somatosensory neocortex; SP, subplate; SubP, subpallium; VP, ventroposterior nucleus. Scale bars represent 250 mm (B, D, J, L, N, and P) and 100 mm (F and G). See also Figure S3 .
evoked by tactile sensory stimulation of subsets of the large whiskers [48, 49] . Repetitive whisker deflections induced, in contralateral S1 superficial layers, an increase in mitochondrial flavoprotein autofluorescence ( Figure 4A ). In control animals, a repetitive stimulation of caudal whiskers induced an initially focal response in S1, corresponding to the selective set of barrels activated by the stimulated whiskers, which subsequently spread to the entire neocortex as previously observed [50] (n = 5) ( Figures 4B-4B  000 ). In contrast, in Dlx5/6::cre; Ebf1 fl/2 , the deflection of caudal whiskers never elicited a focal response in S1 but only triggered a diffuse neuronal activity throughout S1 that secondarily spread to the entire neocortex (n = 5) ( Figures 4C-4C 000 ). This absence of focal response in conditional mutants supports a lack of TCA convergence in S1 and an impaired functional topography in the sensory map of conditional mutant mice ( Figures 4B-4C 000 ; Movie S1). Thus, in contrast to different mouse models that lack barrels [1, 45, 46, [51] [52] [53] , conditional Ebf1 mutants show a disruption in topographic order of the whisker map within S1.
We further examined whether we could detect a functional topography in the transfer of sensory information from an individual barreloid. To this aim, we took advantage of the fact that sensory stimulation triggers the expression of c-Fos in S1, particularly in layer IV neurons [54, 55] . All whiskers except one (C1 or C2) were trimmed, mice were placed in an enriched environment driving sensory simulation ( Figure 4D ), and neuronal responses were analyzed by c-Fos immunostaining on tangential ( Figures 4E and 4F ) or coronal sections ( Figure S4 ). In control mice, single-whisker stimulation led to a focal c-Fos expression in a single corresponding barreloid in the VP ( Figure S4 ) and in a single barrel within layer IV S1 neurons ( Figures 4E-4E 000 and S4) (n = 9). In contrast, in adult conditional mutants, TCA clustering and barrel formation were impaired as in P7 pups ( Figures 4F and 4F 0 ), and c-Fos expression was also scattered within S1 layer IV (Figures 4F 00 , 4F 000 , and S4) (n = 6). Importantly, single-whisker stimulation in mutants nevertheless led to a focal c-Fos expression in a single barreloid of the VP (Figure S4 ), supporting the (B and C) Autofluorescence in S1 at different time points poststimulation (average of ten trials) shows a focal neuronal activity in control mice (B-B 00 0 ), whereas the activity is diffuse in Dlx5/6::cre; Ebf1 fl/2 animals (C-C 000 ). (D) Experimental paradigm in which all whiskers except C2 are trimmed on controls and Dlx5/6::cre; Ebf1 fl/2 mice that are let to explore an enriched environment for 1 hr. (E and F) Immunostaining on control (E-E 00 0 ) flattened cortex shows vGlut2-positive TCA clustering (E), highly specific c-Fos expression in the C2 barrel (E 0 and E 00 0 ), and barrel septa stained with Hoechst (E 00 ). In contrast, in Dlx5/6::cre; Ebf1 fl/2 mutant mice (F-F 000 ), vGlut2-positive TCA clustering is not detectable (F), c-Fos expression is diffuse throughout S1 (F 0 and F 000 ), and barrels are not formed (F 00 ). Scale bars represent 250 mm. See also Figure S4 and Movie S1.
finding that the whisker map is properly relayed up to the thalamus. Thus, the stimulation of a single whisker does not drive focal neuronal activity in S1, thereby revealing a lack of functional topography in the barrel cortex. Collectively, these results indicate that perturbing the developmental preordering of TCAs, without affecting thalamus and neocortex, compromises the establishment of the topographic sensory whisker map in the adult neocortex.
Conclusions
We have shown that precise TCA topography at the level of an intermediate target, the subpallium, is required for the correct transfer of a sensory map to the neocortex. Indeed, using a novel viable mouse model, we have demonstrated that although global developmental TCA topography defects can be postnatally rescued by positional information in the neocortex, the loss of fine axonal neighboring relationships along their trajectory leads to a defective transfer of a somatosensory map. Our study reveals that, in addition to topographically organized cues in the projecting and target structures [15] , preordering of axons along their trajectory is required for the transfer of an anatomical and functional sensory map to the neocortex. This work shows that defects in subpallial development may unexpectedly impact on cortical map formation, thereby opening novel perspectives on brain physiopathology. Furthermore, it reveals that the global topography of TCAs within the neocortex and the fine topography of somatosensory TCAs within their target areas are controlled by strikingly different processes. Finally, our study raises the intriguing possibility that the fine axonal ordering within tracts, which has been described in various systems [16, [56] [57] [58] [59] , may have a general role in organizing neural circuit wiring.
Supplemental Information
Supplemental Information includes four figures, Supplemental Experimental Procedures, and one movie and can be found with this article online at http://dx.doi.org/10.1016/j.cub.2013.03.062.
